The reduction of the phosphorus (P) content in the diet without affecting performance is an environmental and economic concern for sustainable pig and poultry production that requires precise knowledge of P requirement and its availability. A prerequisite is thus a good understanding of the fate of ingested P in the digestive tract, according to its origin (phytic, non phytic, mineral), its interaction with dietary calcium (Ca) and exogenous phytase supply. With this aim, a mathematical model was constructed using in vitro or in vivo literature data. The core of the model is based on a compartmental structure which distinguishes three sections in which successively occur: (1) P solubilisation and phytic P hydrolysis, (2) P absorption and (3) P insolubilisation. To better understand the physicochemical and transit characteristics that could be key factors in P utilisation, parameterisation of equations was conducted in both growing pigs and broilers. Sensitivity analysis indicated that P solubilisation/insolubilisation and especially phytic P solubilisation prior to hydrolysis by phytase were sensitive to pH and dietary Ca supply. Transit time also modulated the extent of P hydrolysis. Behaviour analysis indicated that the model was able to predict the lower efficacy of plant phytase compared with microbial phytase in both species. The negative impact of dietary Ca on digestive P utilisation was higher in pigs than in broilers due to physicochemical differences in the gastric section. The model accurately predicted apparent digestibility of P in pigs. External validation could not be performed in broilers due to lack of digestibility data. Before the model can be used as a predictive tool, additional information is needed to validate some parameters, particularly for broilers. The model offers the potential to be combined with a metabolic model that integrates regulation of P and Ca metabolism.
Introduction
Reducing the dietary phosphorus (P) given to pigs and broiler, without negatively affecting their health or productivity, is a way to reduce releases of this potentially environmentally harmful element. The approach is based on more accurately adjusting dietary P intake to meet the animals' requirements and on seeking ways to improve P availability in feed. Implementing such a strategy requires, among other things, a good understanding of the fate of P in the digestive tract depending on its origin, particularly in interaction with dietary calcium (Ca) and exogenous phytase intake. With the objective of improving the understanding of P and Ca metabolism and their integration, a deterministic and mechanistic compartmental modelling approach was chosen. To better understand the phenomena under contrasting conditions (pH and rate of transit), the work was carried out Part 6 both in pigs and broilers. To date, few models exist of P and Ca metabolism in pigs (Fernandez, 1995) and broilers (Hurwitz et al., 1983; Kebreab et al., 2009 ). To our knowledge, no models have addressed digestion of P and Ca in detail. The objective of this study is to model the quantities of P and Ca absorbable per day that represent the inputs of a metabolic sub-module integrating P and Ca fluxes at the animal level. In this paper, we will emphasis on P and on the comparison between the two species.
Materials and methods

General structure
The model is compartmental and divides the digestive tract on sections that are involved in P and Ca digestion: (1) the gastric area (i.e. the stomach in pigs and the crop and proventriculus and gizzard in broilers), where partial solubilisation of the ingested compounds and, eventually, hydrolysis of phytates by exogenous phytase occur, (2) the proximal small intestine (pSI), where a portion of the soluble compounds are absorbed, and (3) the distal small intestine (dSI), where certain compounds are insolubilised because of an increase in pH. In each compartment, P is divided into its phytic (PP) and non-phytic (NPP) forms, which can be solubilised (PPs, NPPs) or non-solubilised (PPns, NPPns). Ca is divided into its non-solubilised plant form (CaPns) and its solubilised (Cas) or nonsolubilised (Cans) non-plant forms (Figure 1 ).
There are thus seven state variables per compartment, with three compartments in pigs and four in broilers (Figure 2) .The model integration step is one hour and the digestive phenomena can be measured at that scale. Model outputs, however, are expressed on daily basis, which is the usual time for representing livestock feeding and performance. The model was parameterised using the ModelMaker software (ModelMaker, Wallingford, United Kingdom). Parameter values were estimated from in vivo or in vitro data and adjusted until they provided an adequate fit of the data. 
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Inputs and outputs
Model inputs are dietary sources of P, in PP and NPP forms, which is of animal (NPPa), plant (NPPp) or mineral (NPPmin) origin, and Ca of plant (Cap) or mineral (Camin) origin; these inputs enter the stomach. The model inputs also include endogenous sources that enter the duodenum. Feed intake, considered to be continuous feeding, is represented by 24 meals a day, corresponding to the 24 time-steps of the model. The model outputs represent P and Ca absorbed in the intestinal segments, depending on active or passive mechanisms, and unabsorbed P and Ca that enter the large intestine.
Characterisation and representation of the different digestive segments involved in the fate of dietary phosphorus and calcium
The model represents a pig weighing about 50 kg and a broiler of 21 days of age. These characteristics correspond to the majority of data on P utilisation reported in the literature. Given the key role played by pH in the digestive utilisation of P and Ca, the model compartments were divided to isolate different pH zones. The gastric area is the digestive area where solubilisation and hydrolysis occur and consists of one compartment in pigs and two compartments in broilers ( Figure 2 ). Absorption and insolubilisation occur in the small intestine and is represented by two sub-segments to account for the intense absorption and low pH in the proximal portion (pSI), and for the insolubilisation of P and Ca and higher pH in the distal portion. Each compartment is characterised by the prevailing pH conditions and the mean retention time (MRT) of the digesta. The pH and MRT values are averages of the data in the literature.
Fate of phosphorus in the gastric segment
A portion of PPns may be solubilised (PPs), the step prior to its hydrolysis by the exogenous phytase that changes it to the NPPs form. Solubilisation was represented by the following equation: 
Figure 2. pH and mean retention time condition (MRT, min) of the model compartments.
Thus, when the phytase hydrolyses a portion of the PPs, a similar portion of the PPns is solubilised, a mechanism that was previously proposed by Kemme et al. (2006) . The solubilisation coefficient (K sol,PPns ) depends on the pH and was parameterised using data from Scheurmann et al. (1989) . The solubilisation coefficient also depends on the dietary Ca level, because high Ca intakes reduce the solubilisation of PPns. Hydrolysis of PPs followed a conventional Michaelis-Menten law:
where the maximum velocity (V max ) of hydrolysis comes from in vitro studies (Ullah, 1987) , and the mean quantity of substrate to achieve 50% V max (K m ) was adjusted using in vivo hydrolysis data in pigs (e.g. Rapp et al., 2001) . Because of a lack of similar in vivo data in broilers, the same hydrolysis flux parameters were used in both species. Hydrolysis depends on the origin of the phytase, the gastric pH (Eeckhout and de Paepe, 1992) , and the presence of proteases (Frapin, 1996; Philippy et al., 1999; Rapp et al., 2001) . The P ingested in the non-phytic form joins the pool of NPPns and can then be partially solubilised:
where the value of K sol,NPPns depends on the form in which the NPPns is provided, namely NPPa, NPPp or NPPmin, with NPPmin divided into different categories based on the type of phosphate provided (e.g. monocalcium phosphate, dicalcium phosphate; Jongbloed et al., 2002) .
Fate of phosphorus in the proximal small intestine
In the pSI, the P present in the non-phytic solubilised form can be absorbed through two mechanisms: an active saturable absorption described by a Michaelis-Menten equation similar to Equation 1; and a passive absorption proportional to the NPPs pool with a linear equation similar to Equation 2, using a passive absorption coefficient (K abs,pass,NPPs ). The values of the parameters of these two absorption fluxes were estimated from the work of Fox et al. (1978) using isolated jejunal loops in pigs. Because of a lack of similar data in broilers, the values obtained in pigs were used for both species.
Fate of phosphorus in the distal small intestine
In the dSI, the P present in the non-phytic solubilised form can also be absorbed passively and actively, fluxes for which the parameters have been estimated, as in the proximal portion, from the work of Fox et al. (1978) . A portion of the NPPs is also insolubilised (NPPns) because of the pH of that compartment (pH 7), which promotes the formation of insoluble complexes with Ca (Hurwitz and Bar, 1971; Cromwell, 1996) . This phenomenon was parameterised on the basis of the relative distribution of the ionic species of phosphates as a function of pH (Vanden Bossche, 1999) .
Results and discussion
A sensitivity analysis was first performed to determine the factors that influence P and Ca utilisation the most. This was followed by a two-step validation process. First, an external validation by simulating several diets and comparing the results of apparent digestibility coefficient of P simulated by the model with measured values was performed. Second, to compare the response of both species, specifics simulations were performed.
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Sensitivity analysis
A conventional univariate sensitivity analysis was performed by iteratively varying major input variables according to its standard deviation, while keeping all other input variables at their central value. The calculated univariate sensitivity indices are expressed relative to the results obtained with original standard values. When transit and absorption parameters were considered, values of corresponding parameters in pSI and dSI were both altered at the same time. A reference situation, namely a feed containing (per kg feed): 2.5 g PP, 1.1 g NPPp, 6 g Ca and 500 FTU microbial phytase was used. The results of the sensitivity analysis of the apparent digestibility coefficient of P at variations of the main parameters were tested.
The parameters of the hydrolysis flux are those that affect the apparent total tract digestibility (ATTD) of P the most, with similar amplitude in pigs and broilers (Table 1) . That similarity between the two species is not surprising, given that the parameters obtained in pigs were directly applied to broilers because of a lack of data. The hydrolysis parameters were parameterised using in vitro and in vivo data in pigs. Given the significant variability of these parameters in broilers, it will be essential to further validate these. Because of the regulating effect of rate of transit on the contact time between the enzyme and its substrate, that rate also appears to be a key parameter of PP hydrolysis. This is particularly true in the crop of chickens and the stomach of pigs, whereas a pH change in the proventriculus-gizzard has less impact on P ATTD. Gastric emptying has been the subject of many studies in pigs and appears to be variable between literature sources. In contrast, data on transit time in the crop, proventriculus and gizzard of chickens are scarce. The importance of transit in the gastric area in pigs and broilers means that additional studies are needed to validate the current values. A change in the rates of transit in the segments of the small intestine also modifies P ATTD, an effect that is slightly more marked in broilers. Dietary Ca intake also has a significant effect on P digestibility, with greater magnitude in pigs. The higher sensitivity of P ATTD to dietary Ca intake in pigs originates from the fact that Ca affects the digestive utilisation of P in both the stomach and the dSI, as opposed to an effect only in the dSI in broilers. 
Part 6
Behaviour of the model
The present study was carried in pigs and broilers to understand the phenomena in contrasting conditions, mainly caused by differences in the physicochemical conditions in the digestive tract. In particular, the effectiveness of exogenous phytase differed between both species due to differences in pH and the residence time of digesta. It is therefore important to test the behaviour of the model for those specific points.
In a feed containing (per kg of feed) 2.3 g PP, 6.0 g Ca and 500 FTU microbial phytase, microbial phytase provided 0.69 and 0.64 g digestible P for pigs and broilers, respectively, representing PP hydrolysis of 33% and 26%. This result is in line with that reported by other (e.g. Tamin et al., 2004; Kornegay et al., 2001) . The positive effect of phytase is thus similar in both species despite differences in pH and MRT. A comparison of the three gastric segments shows that hydrolysis is 33, 20 and 6% in the stomach, crop and proventriculus-gizzard, respectively. Given the MRT, which is 43, 39 and 173 minutes, respectively, the crop provides the most favourable conditions for PP hydrolysis by phytase. The low pH in the crop (5.5) allows the microbial phytase to achieve maximum activity. Thus, an increase in the residence time in the crop could result in even greater hydrolysis. The model provides a good representation of PP hydrolysis as a function of microbial and plant phytase supply. The model simulates hydrolysis that is about twice as low in the presence of plant phytase compared to microbial phytase in pigs. That value is in line with results obtained for pigs by Eeckhout and De Paepe (1992) and Zimmermann et al. (2002) . In broilers, the model simulates PP hydrolysis by microbial phytase that is about 1.4 times less effective than hydrolysis by plant phytase, in line with previous studies (Frapin, 1996) . The fact that plant phytase is less affected than microbial phytase in broilers is in large part due to the absence of proteases in the crop, resulting in greater effectiveness compared with a degradation of plant phytase of 40 and 65% in the stomach of pigs and the proventriculus-gizzard of broilers, respectively (Frapin, 1996; Rapp et al., 2001) .
Validation
The apparent digestibility of P is mainly the result of the hydrolysis of PP by phytases, of the insolubilisation of NPP, and of the insolubilisation of absorbable P by Ca. In practice, digestibility is commonly used to determine the nutritional value in terms of P attributed to a feed or a raw material. It is therefore important to study the prediction quality of the model for these two digestibility variables. Given the difficulty of separating broilers urine and faeces, a problem that greatly limits the number of digestibility data, external validation could not be performed in broilers.
It is difficult to directly compare the apparent digestibility coefficients simulated with the model and those measured in the literature because of high inter-experiment variability compared to the variability measurable within a single experiment (Sauvant et al., 2008) . For example, the study effect includes the effects of the analysis method, live weight, breed, etc. A model that includes the study effect was therefore created, as proposed previously by Offner and Sauvant (2004) and more recently used by Strathe et al. (2007) . The GLM procedure of the SAS software program (1990) was used to consider the study effect in a fixed manner, as proposed by Sauvant et al. (2008) .
In the external validation, the intercept and slope did not differ from 0 and 1, respectively, showing that the model correctly predicted the digestive utilisation of P within tests, independent of its construction (Figure 3) . Nevertheless, the model slightly underestimated P ATTD, particularly for the high digestibility values. Not all experiments were representative of practical conditions and in some studies high levels of plant phytase or PP were used. The underestimation at high P ATTD may
Modelling the environmental impact of animal production also be caused by an adaptation of the animal, leading to increased absorption, which is currently not accounted for in the model. The underestimation may also originate from an overestimation of the portion of P that is actively absorbed, which does not allow increased absorption when P intake levels are high.
Conclusions and perspectives
The objective of the model was to simulate the fate of P and Ca in the digestive tract of growing pigs and broilers as a function of diet form, the presence of exogenous phytase, and interactions between P and Ca. The ultimate goal was to improve understanding of the components of the P and Ca metabolism, including their interaction. To the authors' knowledge, neither the hydrolysis of phytates by phytase nor the digestive interactions of P and Ca have been considered in mathematical models in growing pigs or broilers. In pigs, the model adequately predicts P digestibility, a validation that could not be performed in broilers because of a lack of data. Nevertheless, the model has certain limitations.
Given the sensitivity of the fate of P to the MRT of the digesta in the different segments of the digestive tract and the high variability of the MRT values measured in the literature, more research could be helpful. However, no digestion model created to date (e.g. Bastianelli et al., 1996; Strathe et al., 2007) has taken into account the regulation of transit time. The digestibility of P is also sensitive to the pH in the digestive tract, especially in the gastric area. For simplification purposes, the pH is currently fixed within each segment. The representation of feed intake through meals, and the associated variations in pH, would make it possible to test the impact of fluctuations in pH, in relation to solubilisation of phytates and hydrolysis by phytases. It would also be important to validate in vivo the hypotheses concerning phytate solubility as a function of pH that currently come from in vitro studies. 
